ABSTRACT High-frequency switching circulating currents are inevitable in multi-module parallel connected converters, which will result in increased power losses and declined system stability, reliability and control precision. In view of this, the formation mechanism of the switching circulating currents is first researched at both power switch level and circuit level in this paper. Next, the switching circulating currents in an N-module converter based on the sinusoidal pulse width modulation (SPWM) technique are mathematically modeled. On this basis, their distribution characteristics in terms of carrier phase deviation are analyzed in detail. In particular, a typical case considering the carrier phase shifting SPWM technique is utilized to further explore the circulating current distribution features. Then, three typical voltage and current closed-loop control approaches considering LC-and LCL-type filters are studied, for the purpose of developing an optimum solution for the circulating current inhibition. The theoretical analysis and experimental results validate the effectiveness of the proposed analysis means and the restraining strategy of the high-frequency switching circulating currents.
I. INTRODUCTION
Multi-module parallel connected converters are getting a widespread use in high-power application areas [1] - [3] , due to their much high flexibility and reliability. However, circulating currents will also inevitably be incurred among the converter modules. As a hot research issue in recent years, the majority of the researches focus on the fundamental [4] - [7] or low-frequency harmonic [8] - [9] circulating currents, for equalizing the output powers among the modules.
As a matter of fact, high-frequency circulating currents, which are caused by dead-time, sinusoidal pulse width modulation (SPWM) and some other control errors among the modules, cannot be neglected as well, for the reason that they may result in the increase of power losses and the declining of system stability, reliability as well as control precision. In particular, they may be significantly larger in the highpower converters which usually with small equivalent output impedances [10] .
Therefore, it is necessary to study the features and suppression methods of the high-frequency circulating currents.
Compared with the dead-time related circulating current problems [11] - [13] , the SPWM related circulating current issues have not been sufficiently discussed yet. In the existing few literatures, [14] analyzed the characteristics of the switching circulating currents based on the double Fourier Transform theory. Reference [15] built the relationships between circuit parameters and switching circulating currents through the modeling of a two-module converter. However, the model based on the single-phase half-bridge inverter of a three-phase three-wire converter is not very accurate. Furthermore, both [14] and [15] are limited to the analysis of a two-module converter, while the circulating current feature is more complicated in an N-module converter than that in a two-module converter. In addition, interleaved PWM methods were proposed to restrain switch circulating currents in a few of literatures like [16] . However, they have a limited suppression effect. According to [16] , only about 50% of the amplitude of the switching frequency circulating current is restrained. Moreover, with the interleaved PWM method, communications are needed among the modules to adjust the carrier phase of each module, which will cause the increased complexity and declined reliability of the parallel system.
In view of this, the high-frequency switching circulating currents in a multi-module parallel connected converter are studied in depth in this paper. Firstly, their formation mechanisms are researched at power switch level as well as circuit level. Next, their circuit and mathematical models are built. Then, the distribution characteristics of the switching circulating currents are analyzed in detail. As we know, in the switching frequency band, carrier waves will dominate the circulating current distribution features comparing with the other factors, so carrier phase deviations are considered as the primary impact factor for the distribution characteristic analysis in this paper.
In particular, as a cost-effective option, carrier phase shifting SPWM (CPS-SPWM) technique is usually applied in modular converters to minimize the switching harmonic currents flowing into the point of common coupling (PCC), but it will also produce switching circulating currents among the modules [17] . For this reason, a typical case considering CPS-SPWM technique is utilized to further explore the switching circulating current distribution features in depth.
On the basis of these, the switching circulating current suppression means are discussed. In general, some filters such as LC-and LCL-type filters are fit at the output terminal of a converter to inhibit the switching harmonics from flowing into PCC. In view of this, three typical voltage and current closed-loop control methods considering the LC-and LCL-type filters are researched, so as to develop an optimum solution of the circulating current suppression. Finally, some experiments are conducted to validate the theoretical analysis results and circulating current restraining effectiveness.
II. FORMATION MECHANISM OF THE HIGH-FREQUENCY SWITCHING CIRCULATING CURRENTS IN MODULAR CONVERTERS
In a multi-module converter, the interactions among the modules can ultimately come down to the interactions between arbitrary two modules. In light of this, a two-module converter with separate dc bus is taken to analyze the formation mechanism of the high-frequency switching circulating currents.
A. FORMATION MECHANISM AT POWER SWITCH LEVEL
The simplified equivalent switch circuit of the modular converter is shown in Fig. 1 .
In Fig. 1 , Z ki is the equivalent output impedance, S kij is the equivalent switch, and U dci is the dc voltage, where k = a, b and c; i = 1 and 2; j = p and n.
Define the switch functions for each bridge arm as following: It can be seen from (1) that, every bridge arm has two switch states, i.e., 1 or 0, and thereby, there are 64 switch states altogether of the modular converter. In other words, there are 64 possible circulating current flowing paths totally. In light of the switch circuit features, the switching circulating currents can be divided into four types as follows:
1) Neither of the dc supply voltages is involved in the circulating current flowing circuits. In this case, there exist four kinds of switch states of the converter: 111111, 000000, 111000 and 000111. Taking 111111 as an example, one of the circulating current flowing paths is:
2) Both the dc supply voltages are included reversely in series in the circulating current flowing circuits. In this case, two modules have the same switch states. Besides 111111 and 000000 in 1), there are other 6 switch states. Taking 001001 as an example, there are two circulating current flowing paths:
3) Only one dc supply voltage (U dc1 or U dc2 ) are included in the circulating current flowing circuits. Taking 000001 as an example, there exist two circulating current flowing paths:
4) Both the dc supply voltages are included in series in the circulating current circuits. Taking 001010 as an example, the circulating current flowing path is:
In short, at power switch level, there exist 64 possible circulating current flowing paths. In fact, the circulating current formations (include flowing path, static value and dynamic response) are complex and closely related with many factors, such as switch state, circuit parameter, dc voltage, control strategy and operation mode of each module.
For the three-phase symmetry, arbitrary single-phase circuit is taken for problem analysis. Fig. 2 shows the high-frequency single-phase equivalent circuit of the two-module converter system. In this paper, for the simplicity, when the modular converters are connected to an electric power network, i.e., operating in the active mode, assume that the three-phase voltages of the power system are balanced and undistorted. In Fig. 2 , U h1 and U h2 denote the high-frequency switching harmonic voltage vectors of each module, respectively, Z 1 and Z 2 represent the equivalent output impedances of each module, respectively, Z s represents the loads (in passive operation mode) or the equivalent line impedance between the converter and PCC (in active operation mode), and I h1 , I h2 and I hs are the high-frequency harmonic current vectors of each module and the parallel system. According to Fig. 2, I h1 , I h2 and I hs can be derived as follows:
It can be seen from (2) that, both I h1 and I h2 consist of two components, which are defined as:
where
It is worth noting that, both I h12 and I h21 are associated with the voltage difference U h = U h1 −U h2 , and moreover, I h12 = −I h21 . Obviously, I h12 and −I h21 are the harmonic circulating currents between the modules, which are denoted as I hc . Further analyzing I hc , it can be seen that, only when the two harmonic voltages U h1 and U h2 are exactly equal, i.e., U h = 0, the circulating current can be eliminated thoroughly. In other words, at circuit level, the switching harmonic voltage difference is the crucial reason for the generation of the switching circulating currents. Certainly, I c also affected by the impedances Z 1 , Z 2 and Z s . Besides, analyzing the non-circulating current components I h12 and I h21 , the conclusions can be obtained that, when the voltage ratio U h1 /U h2 equals the impedance ratio Z h1 /Z h2 , there is I h12 = I h21 . In other words, only in this case, I hc can be derived directly from the function relationship (I h1 − I h2 )/2. Fig. 3 depicts the main circuit structure of a modular converter with N modules. In Fig. 3 , for the purpose of simplifying the analysis, assume that all the modules have the same circuit parameters, such as the equivalent output impedance Z and the dc voltage. In addition, due to the symmetry of the threephase system, phase A is taken into account for the problem analysis, and the subscript 'a' is omitted. 
III. ANALYSIS OF THE SWITCHING CIRCULATING CURRENT CHARACTERISTICS OF MODULAR CONVERTERS A. MAIN CIRCUIT STRUCTURE OF A MODULAR CONVERTER

B. MATHEMATICAL MODEL OF THE HIGH-FREQUENCY SWITCHING HARMONIC CIRCULATING CURRENTS
As in Fig. 3 , the modular converter is composed of N modules. It is worth noting that, circulating currents are possible to generate between any two modules. In other words, any module may produce circulating currents with the other N -1 modules at the same time. Here, module 1 is taken as an example to mathematically model the switching circulating currents and analyze their features. According to Fig. 3 , the high-frequency single-phase equivalent circuit of the N -module parallel system is shown in Fig. 4 . Fig. 4 and (3), the switching harmonic circulating current vectors between module 1 and module i can be obtained:
According to
where, I hc1i denotes the circulating current between module 1 and module i,
According to the superposition theorem, the total switching circulating current in module 1 can be given as follows:
where, U h1i = U h1 − U hi . Equation (5) gives the mathematical model of the switching circulating currents in the N-module modular converter in vector form.
C. MATHEMATICAL MODEL OF THE OUTPUT PHASE VOLTAGE OF A SINGLE MODULE BASED ON CARRIER FREQUENCY
Analyzing (5), the switching circulating currents among the modules primarily affected by two factors: the switching harmonic voltage differences u h1i (i = 1, 2, . . . , N ) and the circulating impedances. Among them, u h1i dominate the circulating current distribution characteristics, while the circulating impedances only contribute to the amplitude and phase features of the circulating currents.
As a result, in order to accurately analyze the distribution characteristics of the switching circulating currents, the mathematical model of the output voltage of a single module is needed to be built firstly based on carrier frequency. Fig. 4 shows the output phase voltage in one switching cycle Tc based on the SPWM regular sampling method [18] . Noting that, the reference potential of the output phase voltage is selected at the half of the dc supply source, i.e., U dc /2, instead of the negative terminal of U dc , so as to avoid the dc component involved in the phase voltages, as in Fig. 3 .
Besides, ω c and V rm denote the frequency and amplitude of the carrier wave, respectively, and u s represents the modulation voltage which is defined as follows: where, ω s represents the modulation frequency. According to Fig. 5 , the SPWM phase voltage in one switching cycle can be obtained:
where,
Expanding u into the Fourier series, and letting t = t 0 , the mathematical model of the output phase voltage based on the SPWM carrier frequency can be derived:
It can be seen from (8) that, u consists of two parts, which are marked as u m and u h :
Analyzing (8), u m mainly relates with the modulation voltage u s , while has nothing to do with the carrier frequency ω c . Obviously, u m is the desired output voltage of the module. In contrary, u h is primarily associated with the carrier wave, which is the unexpected high-frequency switching harmonic voltage of the module, and what is more, it is closely related with the switching harmonic circulating currents as in (2).
D. ANALYSIS OF THE DISTRIBUTION CHARACTERISTICS OF THE SWITCHING CIRCULATING CURRENTS
According to (5) , the distribution characteristics of the switching circulating current are determined by the switching harmonic voltage differences. Thereby, in the light of (10), the circulating current distribution features are affected by several factors, such as dc voltage U dc , modulation voltage u s , modulation ratio M as well as carrier frequency and phase.
However, in the switching frequency band, the carrier wave will dominate the circulating current distribution characteristics comparing with the other factors. As a result, this paper will focus on the study of the influences of carrier phase deviation (carrier frequencies of each module usually are the same) on the circulating current distribution features. Similarly, for the simplicity, assume all the modules have the same dc voltage, modulation voltage and modulation ratio.
1) DISTRIBUTION CHARACTERISTICS BETWEEN TWO MODULES
Assuming that the carrier phase difference between module 1 and module i is ϕ c1i (0≤ ϕ c1i <2π , i = 2, 3, . . . , N ), the switching harmonic voltage difference u h1i can be obtained based on (10):
It can be seen obviously from (11) that, only when the carrier waves of the two modules are in phase, namely ϕ c1i = 0, there is u h1i = 0, and correspondingly, according to (4), the switching circulating currents between the two modules can be eliminated. Otherwise, the switching circulating currents will be produced.
For further studying the circulating current distribution characteristics, the Bessel function is introduced here:
Thereby, u h1i can be rewritten by a combination of (11) and (12) as (13), as shown at the bottom of the next page.
Analyzing (13) , it can be seen that, the switching harmonic circulating currents between two modules distribute generally in these frequency domains as follows: First, in the odd multiples of the carrier frequency, i.e., (2n − 1) × ω c , and their sideband frequencies which are even multiples of the modulation frequency, namely, 2l × ω s . Second, in the sideband frequencies around the even multiples of the carrier frequency, that is, 2n × ω c ± (2l − 1) × ω s .
However, with the variation of the carrier phase difference ϕ c1i , the distribution characteristics in magnitude will change, as in (13) . Particularly, in many especial values of ϕ c1i , some series of circulating currents will be eliminated. For example, when ϕ c1i = π , the switching circulating currents at the even multiples of the carrier frequency and its sideband frequencies will disappear, but simultaneously, the circulating currents at the odd multiples of the carrier frequency and their sideband frequencies will reach their maximum value.
Another typical case mentioned above is that, when ϕ c1i =0, the circulating currents will be eliminated thoroughly. However, in this case, the possible maximum switching harmonic currents will flow into the PCC. Therefore, there are always a tradeoff of the ϕ c1i between the suppression of the switching circulating currents and the mitigation of the switching harmonic current flowing into the PCC.
In order to prove the theoretical analysis results above, some simulations based on the Matlab are implemented. The simulation model of a two-module parallel connected converter which acts as a power supply for a resistive load is built according to Fig. 3 . For the prominent analysis of circulation distribution characteristics, two modules are set with the same circuit and control parameters, except the carrier phase shifting to produce switching circulating currents. The dc voltage U dc = 800 V, and the equivalent output impedance Z is replaced by a inductance L = 0.5 mH. Fig. 6 illustrates the frequency spectrums of the switching circulating currents between two modules with several typical VOLUME 6, 2018 carrier phase differences, i.e., π /4, π /2, and π , which can be on behalf of the generality of the distribution characteristics of the switching circulating currents.
In Fig. 6 , the modulation and carrier frequency are set as 50 Hz and 3.2 kHz, respectively, and the simulation data collected range from 0 to 35 kHz. It can be seen from Fig. 6 that, as a whole, the simulation results of the distribution characteristics agree with the theoretical analysis in (13) . Particular, when ϕ c1i = π /4, the circulating currents at the 8n multiples of the carrier frequency (25.6 kHz) and their sideband frequencies, when ϕ c1i = π /2, the circulating currents at the 4n multiples of the carrier frequency (12. Fig. 6(b) .
Around 3.2 kHz, the circulating currents exist obviously at the sideband frequencies of 3.1 and 3.3 kHz, which means that, around the odd multiples of the carrier frequency, the sideband frequencies where the circulating currents distribute are the even multiples of the modulation frequency. On the other hand, around 6.4 kHz, the circulating currents exist at the sideband frequencies of 6.25, 6.35, 6.45 and 6.55 kHz, which means that, around the even multiples of the carrier frequency, the sideband frequencies where the circulating currents distribute are the odd multiples of the modulation frequency. What is more, the circulating currents in the even multiples of the carrier frequency are inexistent.
The simulation results above further verify the validity of the analysis means of the switching circulating distribution characteristics.
2) DISTRIBUTION CHARACTERISTICS AMONG N MODULES
According to (5) , the term associated with the switching harmonic voltage difference which determines the circulating current distribution characteristics can be given as follows by combining with (11) :
Similar to (11) , only on the condition that the carrier waves of each module are in phase, i.e., ϕ c12 = ϕ c13 = · · · = ϕ c1N = 0, there is u h1i = 0, which means that no switching circulating currents exist among the modules. Otherwise, due to u h1i = 0, the harmonic circulating currents will occur among the modules.
Here, a typical case considering the CPS-SPWM technique is adopted to further study the distribution features of the switching harmonic circulating currents. In this case, the carrier phase of each module is shifted 2π /N in turn. As a result, the term related with the carrier phase differences in (14) can be given:
Thereby, u h1i can be obtained by utilizing the Bessel function in this case: According to (16) , with the CPS-SPWM technique, the switching circulating currents among the modular converter have the following characteristics:
First, the circulating currents distribute at the integral multiples of the carrier frequency, i.e., n × ω c (n = 1, 2, . . ., and n = k × N ), and their sideband frequency which is integral multiples of the modulation frequency, i.e., l × ω s (l = 1, 2, . . .); Second, the circulating currents in the k × N multiples of the carrier frequency are eliminated, k = 1, 2, . . ..
Letting N = 2, as a typical case of (16), its result is agree with (13) . It is worth noting that, the CPS-SPWM technique is usually used to inhibit the switching harmonics from flowing into the PCC. However, from the analysis above, it will also incur the switching circulating currents among the modules.
Similarly, some simulations are implemented to prove the theoretical analysis results of an N-module converter with the CPS-SPWM technique. N = 5, and the other parameters are the same as that in the two-module converter above. Fig. 7 depicts the frequency spectrums of the switching circulating currents among the modules and the total switching harmonic currents flowing into the PCC. It can be seen that from Fig. 7(a) , the switching circulating currents at the frequencies of 16 and 32 kHz disappear, which is consistent with the theoretical analysis in (16) .
Moreover, compared Fig. 7(a) and Fig. 6(c) , the amplitude of the existing circulating currents in Fig. 7(a) is N /2 multiples of that in Fig. 6(c) , which implies that the switching circulating currents will increase in proportion to the half amount of the parallel modules in the same carrier phase difference. This result can also be drawn from (13) and (16) .
In addition, comparing Fig. 7 (a) and (b), an interesting phenomenon can be found that, the switching circulating currents are complementary with the switching harmonic currents flowing into the PCC in frequency.
In fact, according to (2) , the distribution features of the switching harmonic currents flowing into the PCC are mainly decided by the function term u hi , which can be derived from (10) :
Comparing (16) and (17), it is obvious that the switching harmonic current distributions of them are complementary.
IV. RESTRAINING OF THE HIGH-FREQUENCY HARMONIC CIRCULATING CURRENTS
Through the analysis of the formation mechanism and distribution characteristics of the switching circulating currents above, it can be seen that, it is difficult to eliminate the switching circulating currents thoroughly via making the switching harmonic voltages of each module equal to each other, because of the inherent circuit parameter and control errors, and in particular, the carrier phase differences which are uncontrolled in a wireless control mode. Thereby, two effective means are generally used to restrain the switching circulating currents. One is to increase the output impedance of each module, but it will also cause the increased drop of the terminal output voltage, and the raised bulk, cost and power losses when physical impedances are considered. Another effective method is to reduce the switching harmonic voltages of each module, so as to restrain the switching circulating currents fundamentally. In this case, some filters, typically LCand LCL-type filters, are usually fit in the output end of each power module. In view of this, the high-frequency harmonic suppression properties of three typical cases considering the output filters are studied in detail, for the intention of developing an optimum means to restrain the switching circulating currents.
A. CIRCUIT AND CONTROL MODEL OF A SINGLE VSI-BASED MODULE
A voltage source inverter (VSI) based power module is taken as an example here, which equivalent circuit structure is VOLUME 6, 2018 FIGURE 8. The equivalent circuit structure of a single VSI-based power module.
shown in Fig. 8 . u i and i 1 represent the device-side voltage and current, respectively, u o and i o denote the output terminal voltage and current, respectively, L 1 , L 2 and C f are the components of the output filter and u c is the filter capacitor voltage. In addition, phase A is considered for problem analysis owing to the three-phase symmetrical system. Ignoring the equivalent resistances of all the inductances and capacitances, the time domain mathematical model of the module can be described as follows:
In addition, a voltage and current double closed-loop control method [19] is adopted for the power module. In present day converter controls, it is a prevalent control mode because of its excellent static and dynamic control properties. As in Fig. 8 , the outer voltage loop utilizes a proportional-integral (PI) controller to stabilize the output voltage, and the inner current loop adopts a proportional (P) controller to enhance the system dynamic response.
B. ANALYSIS OF THE SWITCHING HARMONICS SUPPRESSION OF THE THREE TYPICAL CASES
In this section, both an LC-type filter and an LCL-type filter are considered to analyze their high-frequency harmonic suppression abilities, as in Fig. 8 . What is more, when LCL-type filter is taken into account, according to the different feedback voltage in the voltage closed control loop, i.e., u o or u c , there also exist two different filtering modes. Fig. 9 shows the control block diagrams of the three filtering modes.
In Fig. 9 , G U (s) and G I (s) represent the voltage and current controller, respectively, which are defined as:
where, k p and k i denote the proportional and integral coefficients in the voltage controller, respectively, k represent the proportional coefficient of the current controller, T d is the total control delay, and k M is the equivalent PWM gain of the power module. According to Fig. 9 , the uniform closed-loop transfer function of the output voltage based on the three filtering modes can be obtained:
It can be seen from Fig. 9 that, the no-load voltages G(s)U * (s) of the closed-loop control system based on the three filtering modes are consistent, while the output impedances Z o (s) are different, which are defined as Z o1 (s), Z o2 (s) and Z o3 (s) corresponding to Fig. 9(a), (b) and (c), respectively. Ignoring the high-order minimum terms, the output voltage gain G(s) and the three output impedances can be derived as follows:
Combining Fig. 9 and (21), the high-frequency harmonic suppression properties based on the three filtering models are analyzed as follows. The primary system parameters are listed in Table I . Fig. 10 depicts the Bode diagrams of G(s). it is obvious that, the control system based on the three filtering modes have a ideal high-frequency harmonic voltage inhabiting ability. For instance, at the switching frequency, the amplitude of G(s) has declined to −10dB. Analyzing Fig. 11 , in the low frequency band, the amplitude-phase features of Z o1 (s) and Z o3 (s) are similar, while Z o2 (s) are a little different. The reason of this lie in that the inductor L 2 in Z o2 (s) is not involved in the closed-loop control system and therefore is uncontrolled.
In the high frequency band, with the increasing of the frequency, the amplitude of Z o1 (s) declines rapidly, while that of Z o2 (s) and Z o3 (s) rise quickly on the contrary. This result shows that, compared with LCL-type filters, LC-type filters have much more weak switching harmonic suppression ability.
In addition, Z o2 (s) and Z o3 (s) have similar high-frequency characteristics which will contribute to a favorable highfrequency harmonic suppression effect of the control system. However, as far as Z o2 (s), because L 2 is out of the control system, Z o2 (s) cannot be controlled totally. On the other hand, some disturbances will be incurred, such as the resonance matching between L 2 and the parallel system parameters [20] . On the contrary, in the filtering mode of Z o3 (s), as in Fig. 9 (c), because u o is chosen as the feedback voltage, L 2 is comprised in the closed control loop. As a result, Z o3 (s) is completely controlled, which is beneficial to some control strategies with a requirement of adjustable output impedance.
In view of these, the third filtering mode in Fig. 9 (c) is adopted in this paper to restrain the high-frequency switching circulating currents. Certainly, it is worth noting that, the resonant point (the inherent feature of a LCL-type filter) must be kept away from the low-frequency band and outside of the switching frequency band in practice.
From the analysis above, we can see that, the method of reducing the switching harmonic voltages of each module to restrain the switching circulating currents is essentially to enhance the impedances in the circulating current circuit, and thereby reduces the switching circulating currents.
V. EXPERIMENTAL ANALYSIS
A two-module grid-connected inverter is taken as an example to achieve the experimental analysis. The circuit structure and the primary control strategy refer to Fig. 8 , and the dc voltage is supplied by a unity power factor (UPF) rectifier. In addition, the reference voltage u * for the voltage and current double closed-loop controller is given by a P/Q controller [21] , and furthermore, the two modules have the same reference voltage, namely, their P/Q controllers are assigned the same amount of output power. The main circuit and control parameters refer to Table I. In addition, the power grid voltage u g is 380 V, the dc voltage U dc is set to 800V. Fig. 12 shows the experimental waveforms of the module output currents and the circulating current when an L-type output filter is adopted in each module. As in Fig. 8 , L 1 is taken as the output filter. Fig. 12(a) depicts the output currents i o1 and i o2 of module 1 and module 2, respectively, and Fig. 12(b) depicts the frequency spectrum of i o1 . It can be seen that, the high-frequency switching harmonic currents distribute around the integral multiples of the carrier frequency, that is, 10kHz, 20kHz, 30kHz, . . . . Fig. 12(c) shows the circulating current i C and its frequency spectrum on condition that the carrier phase deviation ϕ c12 of the two modules equal to 0. It is obvious that, i C is approximately zero because the two carrier waves are in phase. However, when ϕ c12 = π , the switching circulating current becomes much large, as in Fig. 11(d) , and it mainly distributes around the odd multiples of carrier frequency, that is 10kHz, 30kHz, . . . . This agrees with the theoretical analysis results of Fig. 6(c) .
The experimental waveforms of the module output currents and the circulating currents when an LCL-type output filter is adopted in each module. (a) Output currents and the frequency spectrum (b) The circulating current and its frequency spectrum on condition that ϕ c12 = 0. (c) The circulating current and its frequency spectrum on condition that ϕ c12 = π . Fig. 13 shows the experimental waveforms of the module output currents and the circulating currents when an LCL-type output filter is adopted in each module, as in Fig. 8 . Fig. 13(a) depicts the output currents i 1 and i 2 and the frequency spectrum of i 1 . It can be seen that, the high-frequency switching harmonic currents are inhibited effectively. At the same time, comparing with Fig. 12 , the switching circulating currents are reduced greatly on condition of both ϕ c12 = 0 and ϕ c12 = π. These experimental results further verified the effectiveness of the proposed switching circulating current restraining strategy.
VI. CONCLUSION
In this paper, the formation mechanism, distribution characteristics and suppression strategy of the switching circulating currents of a modular converter are studied in detail. The theoretical analysis and experimental results are summarized as follows:
1) The switching harmonic voltage differences are the crucial factor for the generation of the switching circulating currents among the modules. Moreover, circulating impedances also play an important role in affecting the amount of the circulating currents as well, so they are used to inhibit the switching circulating currents in this paper.
2) The switching circulating currents generally distribute at the integral multiples of the carrier frequency and their sideband frequencies. Furthermore, with the variation of the carrier phase deviation, the distribution features of the circulating currents will change consequently, and the circulating currents at some frequencies will be eliminated under some certain carrier phase deviations. In particular, with the CPS-SPWM technique, switching circulating currents are complementary in frequency with the switching harmonic currents flowing into the PCC, so there is always a tradeoff between their suppressions. Besides, the switching circulating currents will increase in proportion to the half amount of the parallel modules in the same carrier phase difference. 3) Due to the independence of each module, the method of reducing the switching harmonic voltages of each module, i.e. enhancing the impedances in the circulating current circuit, is adopted to restrain the switching circulating currents. Compared with LC-type output filters of each module, LCL-type filters have more strong switching circulating current suppression ability for their higher equivalent output impedances in the switching frequency band. What is more, when all the components of an LCL-type filter are included into the voltage closed control loop, the controllability of the output impedance will be enhanced, which is beneficial to improve the flexibility and stability of the converter control system. He currently holds 50 Chinese patents. His main research interests are utility applications of power electronics in smart grids, such as solid-state transformers, active filters for power conditioning, flexible ac transmission system devices, multilevel ac motor drivers, and efficient energy utilization.
